We have examined the formation mechanisms of GaN quantum dots (QDs) via annealing of Ga droplets in a nitrogen flux. We consider the temperature and substrate dependence of the size distributions of droplets and QDs, as well as the relative roles of Ga/N diffusivity and GaN nucleation rates on QD formation. We report on two competing mechanisms mediated by Ga surface diffusion, namely QD formation at or away from pre-existing Ga droplets. We discuss the relative roles of nucleation and coarsening dominant growth, as well as the polytype selection, on various substrates. The new insights provide an opportunity for tailoring QD size and polytype distributions for a wide range of III-N semiconductor QDs.
surface diffusivity, independent of the starting surface structure and chemistry. We present the temperature and substrate dependence of the droplet and QD size distributions and report on two competing mechanisms mediated by Ga surface diffusion, namely QD formation at or away from pre-existing Ga droplets. We also report the formation of zincblende vs. wurtzite polytype GaN and discuss the relative roles of nucleation and coarsening dominant growth, as well as the polytype selection, on various substrates. These mechanisms provide an opportunity for tailoring QD size and polytype distributions for a wide range of III-N semiconductor QDs.
The QD arrays were prepared using molecular beam epitaxy (MBE), with solid Ga and RF-plasma assisted nitrogen sources. Si(001) and Si(111) substrates were etched in a 5% HF solution for 1 minute, followed by insertion into the load-lock chamber within 30 minutes.
Following UHV transfer into the MBE, the Si substrates were high temperature annealed (substrate temperature of 900 °C) for 10 minutes to desorb native oxides. For select Si(001) substrates, the high temperature annealing step was omitted, in order to achieve a native oxide surface. Next, with the substrate temperature set to 550 °C, the substrate was exposed to a N flux of 1.0×10 -6 Torr for 10 minutes, the "initial" nitridation step, which provides surface SiNx.
To form droplets, an equivalent Ga thickness of 7.5 ML (~1 nm) was deposited at a rate of 0.75 ML/s. For the "final" nitridation, the N shutter was opened, while the Ga shutter was simultaneously closed. Meanwhile, the temperature was either held constant at 550 °C ("fixed") or increased at 50°C/min to 650°C ("moderate") or 720°C ("high"), with the duration of temperature ramping less than 4 minutes. During the "final" nitridation, the sample was exposed to a N flux of 1.0×10 -6 Torr for 30 minutes. For all growths, the RF-plasma source power and N2 flow rate were fixed at 350 W and 1.0 sccm, respectively, yielding a N flux of 1.0×10 -6 Torr [as determined by the partial pressure of 14 amu with a residual gas analyzer (RGA)]. The 1 sccm flow rate corresponds to the maximum flux available for our N source 4 configuration. The surface morphologies of the Ga droplet and GaN QD arrays were examined ex-situ using atomic force microscopy (AFM) in non-contact mode with etched Si tips.
The diffusion barriers for Ga and N on silica and silicon surfaces were determined using first-principles calculations with density functional theory (DFT) in the generalized-gradient approximation (GGA), as discussed in the supplemental . In all cases, the activation energy for diffusion (or diffusion barrier) of N is predicted to be significantly higher than that for Ga.
On silica surfaces, the computed diffusion barriers are 4.3 eV for N and 0.32 eV for Ga.
Similarly, for Si (001) surfaces, the computed diffusion barriers are 2.64 eV for N and 0.38 eV for Ga. Finally, on Si(111) surfaces, the computed diffusion barriers are 3.44 eV for N and 0.41 eV for Ga. Thus Ga is expected to rapidly diffuse on silica and silicon surfaces, while N atoms are nearly immobile on all of those surfaces.
To determine the surface reconstructions prior to and during growth, reflection highenergy electron diffraction (RHEED) patterns were collected along the [110] direction, as shown in Fig. 1 . For silica surfaces [ Fig. 1(a) ], as the temperature is increased to 550 °C, a streaky 11 pattern is apparent, suggesting an unreconstructed Si(001) surface with the presence of an oxide layer, which we term the "silica" surface. For the Si(001) surface [ Fig.   1 (b)], a 21 reconstruction appears as the temperature is increased to 900 °C, indicating an oxide-free Si(001) surface. For the Si(111) surface [ Fig. 1(c) ], as the temperature is increased to 900 °C, the appearance of a 77 reconstruction suggests an oxide-free Si(111) surface.
During the initial nitridation of silica, streaky RHEED patterns [ Fig. 1(d Fig. 1(g) , the RHEED pattern transitions to concentric rings, containing both (WZ) and zincblende (ZB) GaN reflections, suggesting the conversion of Ga droplets into crystalline GaN with multiple polytype and/or orientations, presumably due to incomplete N coverage of the SiO2 layer at the surface as shown in Fig. 1(h) .
On silicon surfaces, hazy-streaky RHEED patterns [ Fig. 1 (e) and (f)] were observed after "initial" nitridation, suggesting that the surface is covered with an amorphous layer of SixNy. For all the Ga droplet ensembles, the size distributions are best described (i.e. R 2 > 0.99) with a lognormal function, consistent with the expected absence of coarsening during liquidlike droplet formation. 25 For Ga droplet ensembles on silica, Si(001), and Si(111) surfaces, dm values are 27±3 nm, 47±8 nm, and 47±4 nm with droplet densities of 1.6×10 10 cm -2 , 3. For most surfaces, following final nitridation, the QD dm values decrease while the QD densities increase in comparison to those of the Ga droplets. As illustrated in Fig 5(c) , for those cases, the dominant QD formation mechanism is Ga out-diffusion, expected to be welldescribed by a log-normal distribution. Indeed, for most cases, fits to a log-normal distribution lead to R 2 >0.99. On silicon surfaces, QD nucleation occurs anywhere along the surfaces SiNx, as shown in Fig 5(g) .
For silica surfaces, due to the limited Ga surface diffusion length, , out-diffusing Ga atoms cannot reach nearby Ga droplets; instead, they nucleate at SiNx patches between Ga droplets, as shown in Fig 5(c) . On the other hand, following final nitridation of the silica surface at high temperature, the QD dm values increase while the QD densities decrease in comparison to those of the Ga droplets. As illustrated in Fig 5(d) , in this case, the QD formation mechanism includes coarsening well-described by either a Gaussian or Lorentzian distribution. Indeed, fits to a Gaussian distribution lead to R 2 > 0.99 but those of a Lorentzian distribution leads to R 2 ≈ 0.96. Due to the longer at high final nitridation temperature, out-diffusing Ga atoms are able to reach other Ga droplets, resulting in droplet coarsening, as shown in Fig 5(d) .
To understand the enhanced Ga surface diffusion on silica surfaces, we consider DFT Finally, on Si(111) surfaces, for the fixed final nitridation temperature, it is interesting to note that QDs are preferentially located at the edges of ~2 nm height macrosteps, often termed "mounds", consistent with nucleation of both Si3N4 and QDs at regions of positive curvature. 31, 32 In summary, we have examined the formation mechanisms of GaN quantum dot formation during nitridation of Ga droplets. We consider the temperature and substrate dependence of the size distributions of droplets and QDs, as well as the relative roles of Ga/N diffusivity and GaN nucleation rates on QD formation. We report on the polytype selection of ZB GaN QDs on Si(001), WZ GaN QDs on Si(111), and mixed ZB/WZ GaN QDs on silica surfaces. We also report on two competing mechanisms mediated by Ga surface diffusion, The energies of crystalline Si and SiO2 cells were converged with 6×6×6 k points in a Monhorst-pack grid, 8 while the slab models and related adsorption structures were converged with 2×2×1 k points. The electronic wave functions were expanded in a plane wave basis with a 300 eV cutoff energy. With relaxed surface layer of atoms and fixed buried layers, 9 the vacuum region between slabs was set to 12 Å to avoid interactions among periodic image charges. 10 As shown in Table S1 , the calculated lattice parameters are consistent with prior experimental and computational studies, 11, 12 confirming the reliability of our calculations. In addition, the computed coordination numbers for Si atoms on Si (001), Si (111) and SiO2 (001) surfaces are 2, 3, and 2, respectively, consistent with values computed in prior first-principles calculations. [15] [16] [17] 11, 12 and experimental 13, 14 literature reports.
Figure Captions
As shown in Figs. S1, S1, and S3, the computed diffusion barriers for a Ga adatom on SiO2(001), Si(001) and Si(111) are 0.32 eV, 0.38 eV and 0.41 eV, respectively. Since the epitaxy process involves the use of a N-plasma source, 18 we assume the predominance of atomic N, as opposed to molecular N2 on the surface. Consequently, as shown in Figs. S4, S5 , and S6, the computed diffusion barrier for N adatoms on SiO2(001), Si(001) and
Si(111) are 4.30 eV, 2.64 eV and 3.44 eV, respectively. Since kBT ~ 0.0259 eV when T = 300 K and the pre-exponential factor is on the order of 10 13 s -1 , the jumping frequency of a Ga adatom is expected to be ~ 10 6 s -1 , covering a region with ~100×100 nm 2 during a 1 second random walk. On the other hand, the jumping frequency of a N atom on is expected to be ~ 10 -2 s -1 even when the temperature reaches 1000 K. Thus, it is expected that Ga adatoms will diffuse along the surfaces, but that N adatoms would be relatively immobile even at the highest growth temperature of 720 °C. According to Eq. S1, the calculated adsorption energies of a single Ga atom are +1. 25 The bridge site is found to be most stable thermodynamically and its energy corresponds to in Eq. S1. A Ga atom is added to the surface configuration of (c), resulting a Ga-N bonded configuration as shown in (d) (Side View). The total energy of (d) is accounted for in Eq. S1. Similar structures were obtained for the adsorption of 1 Ga atom on the same Si (001) supercell with 1 O atom. 
